Absrmcr-In this paper, an approach to design an ideal restraint system is discussed. The problem, normally solved hy optimization approaches, is translated to a tracking problem, where a given reference trajectory has to he tracked. Before a controller can he designed, identification of the local dynamic input-output behavior is performed in several operating points using stepwise perturbations added to the input. Using the obtained model, a stabilizing controller is designed with loop shaping for performance. Resulh are shown for the design of the belt force, such that the maximum chest deceleration of the driver in a frontal crash test with 56 km/h crash velocity, is minimized. A reduction of 60% of the maximum chest acceleration is achieved.
I. INTRODUCTION The last four decades, a lot of effort is put in the reduction of the number of fatalities and injuries in motor vehicle crashes. Widely known facilities for this purpose are the safety belt and the airbag, with the safety belt being the focus of this paper. Their objective is to smoothly absorb the kinetic energy of the occupant. In the U.S.A., safety belts have shown to reduce the risk of fatal injuries of front-seat passenger car occupants by 45 percent, and the airbag by 12 percent, according to [[I. Two phenomena are the stimulus for continuous research and development of restraint systems. First, although injuries are heavily influenced by characteristics of the occupant and the crash, the current restraint systems can not yet properly adapt to the relevant crash and occupant characteristics, [2] .
Secondly, the restraint system itself is sometimes the cause of injuries, e.g., if the occupant is in the path of a deploying airbag, [3].
The developments in the field of restraint systems aim to actually adapt to the relevant characteristics. To determine the most relevant occupant characteristics during the crash, an abundance of methods exist, viuying from strain gauges to ultrasonic sensors, e.g., [4] . In [5] , an overview is given how the most relevant crash characteristics are determined in many of the modem vehicles. Focussing on the adaptivity of the safety belt system, most of the introduced devices aim to influence the force in the webbing. Examples are stitches in webbing, tearing at predefined force levels, 161, and a load limiter, to which the webbing is attached at one end, that can be switched, such that its stiffness characteristic changes, [7] . approach is outlined in Section III. Section IV discusses the identification of the relevant transfer in M, required for the control design in Section V. Finally, some conclusions are presented in Section VI.
OBJECTIVE AND PROBLEM FORMULATION
The objective is the development of an easy to use approach for the design of a controller for the belt force F , such that the maximum of the chest deceleration E is minimized. This objective requires the measurement of occupant state variables, and the regulation of the belt force F . For 'a real world implementation, such sophisticated devices do not (yet) exist, but on the level of numerical simulation, the requirements can be easily fulfilled.
To prevent from severe injuries:
. the chest may not have contact with inner vehicle components like the steering wheel, and
. the chest velocity at the end of the crash has to be equal to or lower than the vehicle velocity at that time instant.
Since these bounds reflect the motion of the chest, the objective can be translated into a tracking problem, where following re does not result in violation of the bounds.
In Fig. 2 , a general closed loop with M is shown, where
is the error, &h(f) is the deceleration of the vehicle, and C is the to he designed controller.
The problem is now precisely formulated as: a controller design approach for a controller C, stabilizing the closed loop of M such that the error e(r) is small. In this paper, it is assumed that the vehicle deceleration over the full length of the crash is known. Furthermore, the focus is on the approach, and therefore, only one combination of a crash, dummy, and vehicle is considered. Nevertheless, it has to be possible to apply the approach to another combination of the dummy, vehicle, and crash.
APPROACH
The model M is not suitable for control design, due to its complexity and the time needed to simulate. Nevertheless, knowledge about the relevant dynamic behavior of the occupant, the vehicle, the restraint system, and their relevant interactions during the considered crash is needed for proper control design.
In Section 111-A, the approach to identify the relevant dynamic behavior is elucidated, whereas in Section III-B, the control design is discussed.
A. Idenfifcafion for control design
The MADYMO package does not offer the facility to output the differential equations of M, either non-linear or linearized. Because of the complexity of d, the only alternative left is to estimate one or more linear models using measurements on M.
The interesting transfer, namely from F to C, is linearized using perturbations 6F added to a known input trajectory Fo. Such perturbed output responses reflect local dynamic behavior, which is easier to identify, due to the reduced influence of phenomena. Besides that, the identification of global dynamic behavior may lead to complex models without any benefit. Note that the perturbed output responses do not reflect perturbations in a stationary operating point, but cover more than one operating point, and one has to be very careful when interpreting the results.
To analyze whether it is justified to use linear model(s), different perturbations are used, and to investigate whether it is possible to use the obtained mode@) independently from the operating point, perturbations are applied at different operating points.
Suppose that it is justified to use one or more linear models, then a variety of estimation techniques exists to anive at a linear model starting from the measurements, [121.
Here, a straightforward technique is desired that does not require detailed howledge of the underlying behavior, like the order of the investigated dynamic behavior. Furthermore, the techuique bas to he ahle to deal with-step responses that do not cover the full time, needed to attain a steady state. The approximate realization algorithm, as extended in [131,
[14] meets these requirements and leads to a discrete-time, finite order model.
B. Control design
Clearly, model errors are introduced during identification. They play an important role in the closed loop behavior. To reduce the associated consequences in advance and to enable the use of C for slightly different crash situations, the concept of feedback is used. Besides that, feed forward cannot be used with sufficient accuracy considering the model of local dynamic behavior.
A typical control design procedure for this type of tracking problems is loop shaping. It is widely accepted as a starting point for control design and as a benchmark technique. Its results can he intuitively explained, the resulting controller structure (PID or a-like) is widely known, and the controller can be designed such that is capable to deal with model errors.
The to be designed controller has to satisfy criteria on stability, robustness, and performance. The desired stability and robustness is formulated by the gain margin GM and the phase margin PM. The closed loop performance is characterized by a maximum allowable error emax and a desired 5 90 settling time of the closed loop system, tsrir.
The desired bandwidth w~w , defined as the OdB crossover frequency of the open loop transfer function, is an important characteristic of the closed loop behavior, but is very complex to determine accurately. Generally, the bandwidth is chosen in a range based on characteristics of the closed loop components. Here, the lower bound is based on the total time of a crash, and the upper bound on the computational noise in the signals from MADYMO. Within this range, the lowest possible bandwidth that still satisfies the control design criteria is the desired bandwidth, since this bandwidth means less expensive implementation.
Iv. 1DENTIFlCATlON FOR CONTROL DESIGN
The approach is applied to minimize the maximum chest deceleration by manipulation of the belt force F . The original belt force F,(f) and the original chest deceleration c,,(t), with the original load limiter, are shown in Fig. 3 and Fig. 4 To prescribe a.belt force F ( t ) , the stiffness of the load limiter in M is replaced by an actuator. Furthermore, it is not possible to apply a force directly to the webbing, and therefore, a body with infinitesimal mass has to be attached to the belt, and the force F ( r ) is applied to this mass instead. To perturb the dynamic behavior locally, small amplitudes AF are chosen, whereas more than one amplitude is chosen to investigate whether the relevant dynamic behavior may be described by one linear model. The normalized responses, defined as 9, for T I =20 ms, are shown in Fig. 5 . Analysis of M leams that they are disturbed by forces, due to a contact of the right femur of the dummy with the seat cushion at 37 ms. Nevertheless, it may be concluded that for f < 37 ms, the underlying dynamic behavior is linear. The idea is now to try whether the smooth part of the output responses can be used to accurately identify the relevant dynamic behavior. For that purpose, the averaged, normalized output responses are computed to investigate whether a constant model can be used for both operating points. From Fig. 6 , it can be concluded that the relevant transfer, from 6F to &?, depends from the operating point. Therefore, a model for each operating point will be realized.
The concept of extended approximation realization, based on a so-called Hankel matrix, defined as with G;, the measured impulse response at f = i, and n + 1 the length of the measured impulse response. Here, the Table 1 . Table 11 .
TABLE II SYSTEM PAKAMFTliKS O r H i ( * ) AXD H > ( s ) .
The influence of the operating point on the characteristics of the obtained models is relatively small, for instance 8% for Kr,. 
V. CONTROL DESIGN
For control design, first an appropriate reference trajectory is determined, then the control design criteria are formulated and, if needed, translated to the frequency domain, and finally, the controller C is designed and implemented.
Based on observations of the occupant motion during standardized frontal crash tests, [15] , the trajectory of the chest may be approximated by a straight line. Then, the essential characteristics of the chest motion can be approximated using Time point /' is iteratively found, and te typically is IOOms for the considered crash, Fig. 9 .
A desired gain and phase margin of 3 for CM and 45" for PM is chosen. Relatively large values are chosen, to account for the lack of accurate knowledge about model errors.
1'
Considering the Bode diagram of HI(.?) and Hz(s), a proportional controller, denoted be P, gives sufficiently stable closed loop behavior. However, the desired performance reflected by the sensitivity bound of (IOOHz, -20dB) will not be met. Therefore, an integral controller, denoted by TI, is added to increase the performance for low frequencies: A settling time rs3 of 10 ms is desired, and is, for a second order model, defined by, 1161:
A maximum error emax of 10% is allowed, whereas the now available input and output signals reflect open loop behavior. However, the closed loop disturbance rejection is related with the open loop disturbance by the sensitivity function, S(s), meaning that desired closed loop performance can be formulated as bounds on the sensitivity transfer function S(s). To determine the expected frequencies in e(r), an analysis of c&) is done using spectral density, [12] . The cumulative spectral density of c,,(r) in Fig. IO shows that frequencies up to 100Hz cover approximately 95% of the frequencies in if&). So, to aim at a maximum error of 1070 or -20dB, covering 95% of the expected frequency content, the sensitivity function HS is bounded by (IOOHz, -20dB ). Evaluation of the designed controller C is performed in the closed loop with M. The controlled chest deceleration and the required belt force are shown in Fig. 13 and Fig. 14 . The smooth closed loop results indicate a stable closed loop, and show that the maximum chest deceleration is reduced with 60% compared with the original chest deceleration. 
VI. CONCLUSION
An approach is presented to design the restraint system vaiables. such that the occupant injuries are reduced, consisting of two steps, being the identification of the relevant dynamic behavior and control design.
For the identification of the relevant transfer in 94, a time span of 17ms and 12111s shows to be sufficient for control design purposes. Furthermore, the identified transfer from 6F to 6C is second order in the considered operating points, and can be reasonably described by two constant linear, models of order two. The fact that the designed controller stabilizes the closed loop of 94, meeting the a priori defined performance criteria, shows that the obtained models make sense.
Research has been staJted to set up a strategy accounting for constraints on the belt force. Preliminary results show that classical predictive control concept is ve'y effective.
Future research emphasizes the manipulation of the airbag, and the control of the chest deflection. After that, the topic of interaction between the airhag and the belt will be explored.
